An isolated 'native" photosystem I (PSI complex) contains three spectral populations of chlorophyll a antennae (Mullet, Burke, Arntzen 1980 Plant Physiol 65: 814-822). It was hypothesized that nearly one-half of these antennae (=45 ChWP700) are associated with polypeptides of 21,500 to 24,500 daltons. The present study utilizes two developmental systems to verify this association.
properties exhibited by incompletely differentiated mutant or ImL chloroplasts.
The major components involved in the two light reactions of green plant photosynthesis are embedded in the chloroplast thylakoid membrane. In addition to enzymes which catalyze electron transport between PSI and II, each photosystem is comprised of a Chl antennae, which serves to absorb incident radiant energy, a reaction center which mediates charge separation, and components which stabilize the charge separation and transform it into useful biochemical intermediates.
Seedlings grown in ImL4 develop normal PSI and PSII activity but are deficient in Chl a/b LHC of PSII (1, 2, 12 ImL plants to continuous illumination provides a "signal" which allows the nuclear-coded Chl a/b LHC to be incorporated into thylakoid membranes (5, 12 (8, 11, 15, 23) . This nuclear mutant has been shown to contain a modified Chl a/b LHC (11) . Here, we report that the Chl b-less barley mutant is also deficient in Chl antennae of PSI. These data and evidence gathered from plants grown in ImL will be used to provide further evidence for the hypothesis that the peripheral antennae of PSI is composed of Chl bound to polypeptides of 21,500-24,500 daltons.
MATERIALS AND METHODS
Chloroplasts were isolated from cucumber (Cucumis sativus L.) or barley (Hordeum vulgare) seedlings as previously described (4) . Chl concentrations were determined as described by Arnon (3). Cucumber and barley seedlings were grown as previously described (12) .
Chromatography. Purified PSI particles containing 100-120 Chl/P700 (PSI-lIO) were isolated as previously described (19) . To test the purity of these particles, PSI-l IO was solubilized in 0.2% digitonin, 25 mm Tris-HCl (pH 7.0), and loaded on a DE-52 column (2.5 x 4.5 cm). After loading, the column was washed with 250 ml 0.2% digitonin, 50 mm Tris-HCl (pH 7.0). The PSI complexes were eluted using 0.2% digitonin, 50 mm Tris-HCl (pH 7.0), and 100 mm NaCl.
Spectral Analysis. Absorption spectra, P700 determinations, and fluorescence emission spectra were obtained as previously described (19) .
Polypeptide Analysis. Analysis of membrane polypeptides using SDS-polyacrylamide gel electrophoresis was carried out using the discontinuous buffer system of Laemmli as described previously (19) .
Greening Studies. Cucumber seedlings were grown in Vermiculite for 4 days in darkness and then exposed to ImL (1 18-min dark, 2-min light cycles) for 2 days. Plants were then transferred to a growth chamber at 29 C for continuous illumination. Chloroplasts from this greening system were isolated at various times RESULTS Peripheral Chi-Proteins of Isolated PSI. PSI particles containing 100-120 Chl/P700 (PSI-llO) were isolated from cucumber chloroplasts using minimal concentrations of Triton X-100 as previously described (19) . The protein complement of these particles was resolved into 12 polypeptides by SDS slab gel electrophoresis ( Fig. 1 ) (mol wt of individual polypeptides are indicated in the margin). The homogeneity of the PSI-l 1O was tested by subjecting the isolated complexes to DEAE-chromatography. The sample eluted as a single pigmented band; protein analysis of this fraction gave a polypeptide pattern identical to that shown in Figure 1 for nonchromatographic material.
In a companion paper we have reported a technique which allows depletion of polypeptides of 21,500-24,500 daltons, plus = 45 Chl/P700 (including long wavelength absorbers at 700-710 nm) from PSI-l 10 isolated from peas (19) . We have now extended these observations to another plant system to be used below in developmental studies. PSI-I10 (110 Chl/P700) particles and antennae depleted PSI-65 (65 Chl/P700) particles were isolated and compared. PSI-65 particles which were found to be deficient in polypeptides of 21,500-24,500 daltons ( Fig. 1) , revealed a decrease in 20 C absorption spectra at 700-710 nm, and a shift in 77 K fluorescence emission maximum from 738 nm in PSI-I 10 to 726 nm in PSI-65.
Greening Studies. Chloroplasts isolated from cucumber seedlings grown in ImL exhibited a 77 K long wavelength fluorescence emission maximum at 724 nm ( Fig. 2; (Fig. 4) . PSI isolated from wild-type chloroplast membranes exhibited a 77 K fluorescence emission peak at 738 nm (Fig. 4) .
To test whether PSI polypeptides were depleted concomitant with the fluorescence shift from 738 to 724 nm, we compared the polypeptide patterns of wild type membranes, Chl b-less barley membranes and PSI (100 Chl/P700) isolated from wild-type barley (Fig. 5) (19) . The complex mediates electron transport from electron donors such as 2,6-dichlorophenol indophenol-ascorbate to NADP (6) . Kinetic evidence obtained from flash-induced A changes indicate the existence of at least four components involved in charge separation to the level of Fe-S centers A and B (22) . In addition to these enzymic compounds, PSI contains tightly bound Chl antennae composed of a variety of spectral forms of Chl (10, 13, 14, 19, 21) .
Several studies aimed at the identification of polypeptides associated with the various activities of PSI have been reported. Recent investigations using antennae-depleted PSI particles suggest that the core of PSI consists of two polypeptides of 66,000-70,000 daltons which bind 40 Chl and the primary acceptor of PSI (7) . These authors also suggested that three polypeptides of 18,000-6,000 (bands IV, V, VI) resolved using the gel system of Weber and Osborn (24), may be involved in NADP reduction. The use of Laemmli (18) slab gels allows resolution of at least seven polypeptides in the same mol wt range (see Fig. 1, or ref 19) indicating the need for a reevaluation of these subunit identifications.
In the present investigation and a previous study (19) , PSI particles which contain 110 Chl/P700 were isolated and subsequently depleted of 40-45 peripheral antennae. In both cases the depletion of peripheral antennae from PSI particles isolated from peas (19) or cucumbers ( Fig. 1) was correlated with the loss of far red absorption and fluorescence forms of Chl a and polypeptides of 21,500-24,500 daltons (Fig. 1) . These observations were extended by the use of plants grown in ImL and a Chl b-less barley mutant.
ImL plants, which lacked a 77 K fluorescence emission maximum at 736 nm (Fig. 2) , were also deficient in polypeptides which comigrate with PSI polypeptides of 21,500-24,500 daltons. Exposure of ImL plants to continuous illumination caused a shift in the 77 K long wavelength fluorescence maximum from 724 to 735 nm ( Fig. 2) with concomitant synthesis of polypeptides of 21,500 and 24,500 daltons (Fig. 3) .
A correlation between the absence of long wavelength Chl Figure 2 . species and specific polypeptides was also observed in a barley mutant deficient in Chl b. Chloroplasts isolated from the Chl bless barley mutant exhibited a long wavelength 77 K fluorescence emission maximum at 724 nm (Fig. 4A ). This peak is blue-shifted 10-12 nm compared to wild-type barley chloroplasts or PSI-llO particles isolated from wild-type barley which show maxima at 738 nm (Fig. 4, A and B) . It was also found that the Chl b-less mutant is deficient in polypeptides of 21,500-24,500 daltons found in PSI isolated from wild-type barley (Fig. 5) . Polypeptides of similar mol wt were depleted from PSI complexes concomitant with removal of peripheral antennae (Fig. 1) . These data indicate that the Chl b-less barley mutant is deficient in the PSI peripheral antennae complex which is comprised of = 45 Chl bound to polypeptides of 21,500-24,500 daltons.
The Chl b-less barley mutant and the ImL greening system provide interesting data concerning the control of Chl antennae synthesis in addition to evidence about the composition of PSI antennae proteins. The information coding for the Chl a/b LHC of PSII resides in the nucleus (17) . This is consistent with the fact that the Chl b-less barley mutant, which is a nuclear mutant (8) , contains a modified Chl a/b LHC (I 1). The location of information coding for the peripheral antennae of PSI is at present unknown. However, it has been reported that addition of far red Chl a antennae to PSI is blocked by lincomycin, an inhibitor of protein synthesis in chloroplasts (16, 20) . We that the Chl b-less barley mutant is deficient in PSI peripheral antennae. These data suggest that the synthesis and/or incorporation of the PSI peripheral antennae may involve both nuclear and chloroplast control. In addition, the fact that the Chl a/b LHC and PSI peripheral antennae require a continuous illumination "signal" for synthesis and/or incorporation into ImL thylakoid suggests that common regulatory points exist for production of antennae for PSI and PSII.
